The capacity to detect nonrandom associations between restriction-map variants was examined in eight gene regions of Drosophila melanogaster (yellow-achaetescute, white, Zw, Adh, Est6, and rosy) and D. pseudoobscura (Adh and Xdh), on the basis of published population data. The statistical power from individual pairwise tests was both heterogeneous and generally low across gene regions. Sample sizes larger than those currently being used are needed to ensure any power to detect disequilibrium by individual tests. It is found that the heterogeneity in power is mostly explained by large differences in the intensity of sample disequilibrium is more or less close to the type I error, simultaneous-inference significance tests show that gametic disequilibrium is occurring at the eight DNA regions examined.
Introduction
The study of nonrandom associations of alleles at different loci (gametic disequilibrium) provides information regarding the genetic structure and evolutionary history of populations. The existence of nonrandom associations among genes depends on the relationship between opposing processes operating in populations. Thus, recombination and gene conversion tend to randomize the associations generated among genes by a variety of evolutionary agents such as selection, migration, mutation, genetic drift, and genetic hitchhiking (Hill and Robertson 1968; Franklin and Lewontin 1970; Nei and Li 1973; Thomson 1977) . Disequilibrium studies between allozyme polymorphisms, carried out during the past 2 decades mainly with Drosophila species, seemed to indicate that nonrandom associations for loosely linked loci are rare in natural populations of outcrossing species (Langley 1977; Hedrick et al. 1978; Barker 1979) . However, it has been recently shown that the statistical power of the standard tests used to detect associations between allozyme polymorphisms is very low in Dro- 824 Zapata and Alvarez sophila studies and that moderate gametic disequilibria for loosely linked loci are actually occurring in natural populations of Drosophila (Zapata and Alvarez 1992) . The recent development of molecular techniques that detect the variability in the DNA sequence of the genes brought along novel insights for the study of multilocus genetics systems (Lewontin 1985) . Most predictions were that disequilibria would be abundant between nucleotide polymorphisms included in a short piece of DNA, given the tight linkage. In recent years, many investigations have focused on disequilibrium in the DNA sequence, especially between restriction-map variants for Drosophila and mammalian genes (reviewed by Leigh Brown 1989) . The estimation of disequilibrium is usually more precise in Drosophila because gametic frequencies are directly observable by means of crossover-suppressor stocks. From genotypic data, it is often not possible to distinguish the coupling and repulsion double heterozygotes, and the estimation of disequilibrium requires one either to make assumptions about the genetic structure of the populations (Hill 1974) or to use composite measures of disequilibrium (Weir 1979 (Weir , 1990 . The available evidence in Drosophila shows that the amount of disequilibria between restriction-map variants detected by statistical tests for association is heterogeneous over gene regions and is less common than earlier predictions and studies had indicated (see Leigh Brown 1989) . Thus, extensive statistically significant associations have been detected at the yellow-achaete-scute, alcohol dehydrogenase, and Zw genes of D. melanogaster, even for yellow-achaete-scute between map variants separated by as much as 80 kb ( Aquadro et al. 1986; Macpherson et al. 1990; Miyashita 1990) . By contrast, few significant pairwise disequilibria have been reported for many other gene regions, including the rosy, white, Notch, amylase, and esterase 6 genes of D. melanogaster and the alcohol dehydrogenase and xanthine dehydrogenase genes of D. pseudoobscura, especially between sites separated by more than -l-2 kb (Schaeffer et al. 1987 (Schaeffer et al. , 1988 Aquadro et al. 1988; Langley et al. 1988; Miyashita and Langley 1988; Riley et al. 1989; Game and Oakeshott 1990) .
Disequilibrium at DNA regions is usually judged by the proportion of statistically significant associations between sites and their distribution patterns. Significant associations are commonly detected by the x2 test (Hill 1974; Weir 1979; Lewontin 1988) or by Fisher's exact test (Dixon and Massey 1985, pp. 278-279; Fu and Arnold 1992) . It is well known that the power of these statistical tests is strongly affected by variations in sample size and allelic frequencies, decreasing considerably when the sample size is small and polymorphisms at loci are low (Brown 1975; Chakraborty 1984; Fu and Arnold 1992) . The use of small sample sizes is a characteristic feature in most studies about disequilibrium between DNA polymorphisms, and therefore the probability of not detecting disequilibrium when it is present (type II error) may be high. In addition, since sample size and the allelic frequencies are heterogeneous across experimental studies on DNA polymorphisms, the comparisons, among gene regions, based on the proportion of significant tests are not strictly correct. Therefore, it is worthwhile to investigate how sample size and degree of polymorphism affect the power of the statistical tests for detecting disequilibrium in different DNA regions. We approach this problem by using a large number of pairwise comparisons between restriction-map variants corresponding to published data of the yellow-achaete-scute, white, Zw, alcohol dehydrogenase, esterase 6, and rosy gene regions of D. melanogaster and to the alcohol dehydrogenase and xanthine dehydrogenase genes of D. pseudoobscura (Aquadro et al. 1986 Schaeffer et al. 1987; Miyashita and Disequilibrium between DNA Polymorphisms 825 Aguade et al. 1989; Riley et al. 1989; Game and Oakeshott 1990; Miyashita 1990 ).
Material and Methods Gene Regions and Populations
Associations between restriction-map variants (restriction-site and insertion/delection polymorphism) were examined in eight gene regions of Drosophila melanogaster and D. pseudoobscura from published data of natural populations (see table 1, which shows which chromosome these genes are on). We selected these studies on the basis of several criteria. They are studies with samples of haplotypes from natural populations with a minimum number ( -20) of lines and pairwise comparisons per population and reflect the heterogeneity in the detection of significant disequilibria over gene regions. Gametic disequilibrium between restriction-site polymorphisms was only analyzed when rare alleles occurred more than once in each sample. Table 1 shows the number of these polymorphic sites, as well as the number of polymorphisms with an expected heterozygosity (H) 2.25. Disequilibrium between restriction-map variants was examined for individual samples, to avoid nonrandom associations due to pooling (Nei and Li 1973) . For the same reason, when information for inversions involving the gene regions surveyed was available, disequilibrium was examined without pooling inversions.
Disequilibrium Measures
Disequilibrium between restriction sites is measured by the D and D' coefficients. The D disequilibrium coefficient for the two-allele, two-locus case is defined as D = f(AB) -pu where f( AB) is the frequency of the AB haplotype and p and u denote the allele frequencies at the loci. The D' coefficient is the ratio of the D coefficient to its theoretical maximum value, D,,,, given the gene frequencies and the sign of D (Lewontin 1964) . The D,,, value is min [p( 1 -u), ( 1 -p) u], when D > 0, or min [pu, ( 1 -p)( 1 -u)], when D < 0. This normalized gametic disequilibrium coefficient, along with all the measures of disequilibrium, depends on gene frequencies, but it has the advantageous property that its range is frequency independent (Lewontin 1988) . Thus, the range of D' varies from -1 to 1 for all combinations of allele frequencies at two loci. Therefore the D' coefficient allows us to compare the magnitude of disequilibrium for locus pairs differing in allele frequencies within and among populations (Hedrick 1987 (Hedrick , 1988 Lewontin 1988) . A homogeneous criterion was followed to designate coupling and repulsion gametic classes. Haplotypes carrying the most common variants or the least common variants were considered as the coupling gametes in all instances, according to the suggestion by Langley et al. ( 1974) .
The magnitude of disequilibrium at different gene regions was measured by the D' coefficient in absolute value. The use of measures of disequilibrium in absolute value is required when we are concerned with obtaining global or total measures of the magnitude of disequilibrium, and they have already been used in many other instances (Karlin and Piazza 198 1; Hedrick 1985 Hedrick , 1987 Hedrick and Thomson 1986; Zapata and Alvarez 1992) . Means of absolute D' sample values between sites have been computed for each gene region, and their 95% approximate confidence intervals (CIs) have been obtained by the nonparametric bootstrap technique, a computerbased method for estimating standard errors (SEs) and setting confidence intervals (Efron 1979 (Efron , 198 1, 1982 , pp. 1-3, 27-36, and 75-90; Efron and Tibshirani 1986). Bootstrap estimates were obtained by Monte Carlo simulation. For each set of N estimates of D', we generated bootstrap samples of size N, putting mass 1 /N at each one of the observed D' estimates. From distributions of 1,000 bootstrap replicate means of D', bootstrap CIs (95%) by the bias-corrected percentile method were obtained (Efron 1982, pp. 82-84; Efron and Tibshirani 1986) . Random sampling of the observed D' values at each gene region was performed using a random number generator. We have used the standard multiplicative linear congruential generator implemented by Schrage ( 1979) . Schrage's algorithm uses the multiplier 16807 and prime modulus 23' -1 to give very long sequences of pseudorandom numbers (with a full period periodicity ) that have the appearance of randomness (Schrage 1979; Park and Miller 1988; Weir 1990 ).
Significance Tests and Power
Significance tests of the null hypothesis of random association between polymorphic restriction sites are usually performed by means of the x2 statistic (Schaeffer et al. 1987; Miyashita and Langley 1988; Game and Oakeshott 1990; Macpherson et al. 1990) or the Fisher's exact test (Langley and Aquadro 1987; Langley et al. 1988; Schaeffer et al. 1988; Aguade et al. 1989; Riley et al. 1989; Miyashita 1990 ). The statistical power (Pw ) for these tests is the probability of rejecting the null hypothesis of random association between genes when the alternative is true (Brown 1975; Weir and Cockerham 1978) . The adequacy of the x2 approximation depends on the sample size, since it is based on asymptotic theory. Fisher's exact test is usually suggested when the total number of observations is too small for the x2 statistics to satisfactorily approximate the theoretical x2 distribution, given that the exact test does not rely on asymptotic theory. In current practice, the exact test is used for a fixed significance level such as 5%, and, with discontinuous data, it is often not possible to achieve the exact given nominal level. Then the actual significance level of the exact test may be considerably less than the nominal one, with the result that the test is conservative, thereby raising the risk of type II error (Gail and Gart 1973; Haseman 1978; Dixon and Massey 1985, pp. 278-279; Barnard 1989; Fu and Arnold 1992) . Hence, only the x2 test will be considered here. In a 2 X 2 contingency table the x2 statistic is x2 = n D2/p( 1 -p) u( 1 -u), where n is the gamete sample size (Hill 1974; Weir 1979; Lewontin 1988) . The statistical power of the test is evaluated from the noncentral x2 distribution, where the noncentrality parameter (h) is defined as h = nD2/ p( 1 -p) u( 1 -U) (Broffitt and Randles 1977; Guenther 1977; Weir and Cockerham 1978) . The power of the test for a 5% significance level (we shall consider tests at the 5% level hereafter) is obtained from tables of noncentral x2 (Haynam et al. 1970) , given the noncentrality parameter and degrees of freedom (df) (df = 1) . In the present analysis, for each pair-wise comparison the estimate of power was obtained by substituting in the formula of the noncentrality parameter the corresponding p, u, n, and D sample values. Estimates of power necessarily assume that the alternative hypothesis is the observed D sample value.
The minimum sample size ( nmin) required in order to reject the null hypothesis of random association with 90% probability, considering the D sample value as the alternative hypothesis and the allelic frequencies of the sample, was computed as nmin = [ 10.5 1 p( 1 -p)u( 1 -u)]/D2. Note that tables of the noncentral x2 distribution show that a statistical power 20.90 is obtained if h >, 10.5 1, for df = 1. We have also computed for each pairwise comparison what would be the theoretical minimum values of disequilibrium (Dmin) necessary to reject the hypothesis of D = 0 with a probability of 0.90, given the allelic frequencies and the size of the sample. The Dmin for90%ofpowerareobtainedasD,i,=*[lOSlp(l -p)u(l -~)/n]"~.TheD,i, values obtained from the formula have no biological meaning when they are higher than the maximum values of D corresponding to the gene frequencies of that sample. In this case, we consider that there is a nonfeasible solution for Dmin. A standardized measure of the theoretical minimum disequilibrium (D&i,) is the ratio Dmin/ D,,, . Note that the two estimates of D',i, will be different both in sign and also in magnitude, because the D,,, values will be different (unless p and/or u = 0.5 ) . The use of the minimum disequilibrium represents an alternative to the entire power curves. The treatment of the power curves in our case would be very cumbersome, given the large number of pairwise comparisons surveyed. However, the minimum disequilibrium represents simply a particular value of the power curve, which has an important meaning, that is, the minimum disequilibrium necessary to achieve 90% power, given the gene frequencies and sample size.
Results
A total of 3,143 pair-wise comparisons involving 206 polymorphic restriction variants of eight gene regions of Drosophila melanogaster and D. pseudoobscura were included in the present analysis (table 1) . Power estimates were obtained by considering the sample disequilibrium (D) as the alternative hypothesis to the null hypothesis of random association between restriction variants, as well as the frequency of variants (p and U) and the number of gametes ( n) of the corresponding sample. Mean estimates of power, with their SEs, to detect negative and positive disequilibria at each region are shown in table 2. For some loci the sum of comparisons with negative and positive disequilibrium do not reflect the total, simply because some combinations have zero disequilibrium. As shown in table 2, the power to detect negative disequilibria is much lower than that to detect positive ones. This is not an unexpected result, because of the asymmetry of D,,, when p and u are different from 0.5 (Brown 1975; Chakraborty 1984; Thompson et al. 1988) . That is, if one takes the two gametic classes that have the most extreme expectations, observations cannot deviate to the same degree toward an excess as toward a deficiency. Of course, whether D is positive or negative is an arbitrary matter, because it simply depends on how the alleles are denoted. We have denoted the two classes whose expected value is more extreme as the coupling ones, by convention (see Material and Methods), and therefore greater positive D than negative D can be obtained. In general, the power values are fairly heterogeneous across loci, within both positive and negative disequilibria (see table 2 ). The average power to detect negative disequilibrium is 0.1 l-O.3 1, being higher in Zw and Adh loci of D. melanogaster. With regard to the positive disequilibria, the mean power is 0.23-0.98 and is higher in yellow-achaete-scute, Zw, and Adh loci of D. melanogaster. Within each sign of disequilibrium (whether negative or positive) those loci with a higher power are precisely those that exhibit higher values of D (table 2) . It seems, therefore, that differences of sample disequilibrium across loci are the major factor explaining the observed heterogeneity of power. Although other parameters, such as frequency of the variants and sample sizes, are also affecting power, they seem to play a secondary role in explaining the observed heterogeneity.
Mean power estimates for each gene region when the positive and negative disequilibria are considered together appear to be rather low (table 3) nine loci regions, the mean power is -0.20, and consequently the probability of not detecting disequilibrium when it is present (type II error) is quite high. Only three gene regions-yellow-achaete-scute, Zw, and Adh of D. melanogaster-have more moderate power (mean w-0.4), about two times greater than that for the other gene regions. We have also estimated the Ylmin needed for the x2 test to reject the null hypothesis of random association of restriction variants with 90% power for each pairwise comparison at each gene region. Table 3 shows that the number of pairwise comparisons (in percentage) that would require an Y2min of > 100 gametes is very high in most of the gene regions examined and that only those loci with higher power exhibit more intermediate percentages. A substantial percentage of cases would require an Y2min of > 1,000 gametes. Altogether, the smallest sample sizes that give a 90% chance of detecting the sample disequilibria generally exceed those employed in the experimental studies (usually <50 gametes). From the same perspective, we can ask what would be the minimum level of disequilibrium (D',i,) needed to reject the null hypothesis of random association with a power of 0.90, given the observed polymorphism of the restriction variants and the actual sample sizes. The computation of D',i, showed that, for a high percentage of pairwise comparisons, there is no negative (96%) and positive (53%) D' value that allows us reject the null hypothesis with 90%
probability. This means that the actual sample sizes are not generally sufficient to ensure that even maximum disequilibrium (D' = & 1) will be detected.
In good agreement with the power estimates, the highest percentage of significant associations by the x2 statistic is found in the yellow-achaete-scute, Zw, and Adh regions of D. melanogaster (table 3 ) . In the set of cases, when the positive and negative disequilibria are considered together, the percentage of significant associations ranges from 5% (Adh of D. pseudoobscura) to 36% (2~). However, the inferences based on the proportion of significant associations detected by individual significance tests are not very appropriate when our basic concern is to investigate the occurrence of gametic disequilibrium in a given gene region. First of all, the simultaneous tests carried out for each gene region are not strictly independent, since all the pairwise comparisons are based on the same data set. Second, multiple tests for each gene region could yield far too many significant results, so that an increase in the type I error rate could be produced. These two kinds of problems can be avoided by using the Bonferroni technique, which does not require that individual tests be independent and which controls the groupwide type I error rate by means of a tablewide significance level (Snedecor and Cochran 1980, pp. 115-l 16; Miller 198 1; Rice 1989) . In our case, we have employed the sequential Bonferroni method, given that this test has a statistical power higher than the standard Bonferroni technique (Holm 1979; Rice 1989) . Simultaneousinference significance tests by the sequential Bonferroni technique for each gene region are given in table 3. The percentage of significant disequilibria ranges from 0.3% in the white locus to 32% in the yellow-achaete-scute region. In most gene regions it is 2%-7%. Therefore, the null hypothesis of random association among all the pairs of sites in each gene region can be rejected for all regions considered in this study. Most of the significant associations lie within those positive disequilibria, which have a higher chance to be detected, as noted earlier. If we consider only the positive disequilibria (without Bonferroni adjustment), the high percentage of significant associations detected in the loci examined is remarkable. This is particularly true for the yellow-achaete-scute complex, where all positive disequilibria are significant. The per-centage of significant positive disequilibria is 9%~ 100%; at most (seven of nine) regions, it is 225%. When we do so, the levels of disequilibrium remain, on the whole, quite large, but the heterogeneity of disequilibrium over loci increases considerably (table 4) . Three sets of loci are clearly differentiated with regard to their levels of disequilibrium: ( 1) the yellow-achaete-scute region, (2) The comparison of the observed disequilibrium distributions with those expected by sampling error under the null hypothesis of random association can also be used to test for gametic disequilibrium. The effect of sampling error at each locus was evaluated by taking 1,000 randomly drawn gamete samples of size n from populations with the observed mean gene frequencies and gametic equilibrium and then calculating the distribution of D' that results (data not shown). Then we examined whether 95% bootstrap CIs for the observed mean absolute values of D' include the mean absolute values of D' expected by sampling error. This analysis showed that the yellow-achaetescute, Adh, Zw, and rosy regions of D. melanogaster display observed mean absolute values of D' that are clearly higher than those expected by sampling error. For the other loci (white, and Est6 in D. melanogaster and for Adh and Xdh in D. pseudoobscura), the result was unclear.
Discussion
The proportion of significant associations between sites detected by individual significance tests at DNA regions is commonly used in the literature, in two ways: first, to detect the occurrence of gametic disequilibrium within gene regions and, second, ( Aguade et al. 1989; Eanes et al. 1989; Macpherson et al. 1990; Begun and Aquadro 199 1) . By contrast, all the other gene regions examined exhibited much disequilibrium, although it was comparatively lower (D' mean values were 0.38-0.56). The variations in either sample size or level of polymorphism at sites across regions have a minor effect in explaining the observed heterogeneity in power. These results demonstrate that the variable proportion of significant pairwise tests previously reported among those regions examined reflect real differences in the magnitude of disequilibrium. It does not exclude the possibility that, for other gene regions, the inferences on disequilibrium that are based on the proportion of significant tests are not extensively distorted by variations in either sample size or degree of polymorphism at sites. Our analysis reveals that the detection of disequilibrium from individual tests is generally associated with low power and therefore with high type II error probabilities. This lack of power is caused by the small sample sizes used in the studies. The sample sizes that would be required to detect (with 90% probability) the sample disequilibria, given the observed polymorphism at sites, are substantially higher than those currently used. A great sampling effort must be carried out in future studies, to get, from evidence based on individual tests, insight into whether disequilibria are occurring at DNA regions, especially in those regions with a moderate magnitude of sample disequilibrium.
The low proportion of significant associations detected by single tests for white, Est6, and rosy in D. melanogaster and for Adh and Xdh in D. pseudoobscura produces much uncertainty about the existence of disequilibrium in these gene regions. It is mainly due to the lack of statistical power of the single tests in these regions, which present a moderate magnitude of sample disequilibrium. In fact, the proportion of significant tests approaches the type I error of 0.05. Moreover, it should be noted that, if the number of pair-wise comparisons is large, the probability of some statistically significant nonrandom associations could be greater than the type I error expected rate, even when the null hypothesis is true. When a family of tests (multiple tests) is carried out for testing whether disequilibrium occurs for a given gene region, the statistical inference based on single-test significance values is clearly inappropriate, and a simultaneous-inference significance test is required. It must also be considered that all pairwise comparisons at each gene region are performed on the same data set and thus are not independent. This last point can be an additional problem, because there is the potential for correlated type I error, although recent evidence shows, for disequilibrium, that correlated type I errors between marker pairs could not be high (Zerba et al. 199 I ) . In our analysis, adjustment for multiple comparisons by the sequential Bonferroni procedure was used in order to protect against mistakenly rejecting the hypothesis of random association among all the pairwise comparisons at each gene region. However, that adjustment for multiple comparisons can inflate greatly the type II error rate when the null hypothesis of random association between pairs is not true (see Rothman 1990; Zerba et al. 199 1) . Therefore, the number of significant pairwise comparisons obtained by the Bonferroni technique is a conservative estimate of the frequency of disequilibrium between restriction-map polymorphisms. The analysis showed that disequilibrium statistically significant by the Bonferroni criterion occurs in all the gene regions examined (percentage of significant pairwise is 0.3%-32% across gene regions), including those that exhibited moderate levels of disequilibrium (white, E's16, and rosy in D. mclanc~gaster and Adh and Xdh in DI. pseudoobscwa). The existence of disequilibrium at the white locus was previously detected by Miyashita and Langley ( 1988) , since the low number of significant associations between sites was nonrandomly distributed throughout but was clustered at the 3' end of the large intron. Most of the significant disequilibria detected in regions other than ye/louJ-achaL'te-.sCzltC occur between sites separated by <2 kb. However, the maximum molecular distance between sites, for which significant disequilibrium was detected by the Bonferroni criterion, occurred across gene regions of 1.6-70.5 kb.
It may be argued that, in spite of the disequilibrium that exists for all gene regions considered, the number of significant tests is not generally high. However, a closer inspection shows that this is true only for the negative pairwise disequilibria. The capacity for detection of negative disequilibria is very low, compared with the capacity for detection of positive ones, which agrees with previous observations (Brown 1975; Thompson et al. 1988; Walter and Cox 199 1) . Thus, the average percentage of positivle significant disequilibrium (without Bonferroni adjustment) over gene regions is 4 1.'7 t 9.1. When only the positive disequilibria are considered, the picture that arises is that significant disequilibrium between sites is extensive over most gene regions.
